Atomic stick-slip processes have been studied in detail by means of friction force microscopy with high spatial and temporal resolution. The influence of the tip-sample contact on the thermal fluctuations of the force sensor and on the dynamics of the stick-slip process are characterized. Results are compared with simulations based on an extended Tomlinson model including thermal fluctuations. A correlation between the duration of the atomic slip event and the atomic structure of the contact is established.
I. INTRODUCTION
Friction force microscopy studies tribological properties of nanometer-scale, single asperity contacts. By reducing the complexity of tribological problems arising for rough surfaces in contact to one single contact, the method contributes to the understanding of basic mechanisms of adhesion, friction, and mechanical energy dissipation. When the sharp tip of the force microscope slides over a flat surface, lateral forces as small as some tenths of nanonewtons can be measured which reflect the interaction of a very small number of atoms.
Already Mate et al. described in their report on friction force microscopy a stick-slip movement of the tip with the atomic periodicity of the samples surface structure. 1 This atomic stick-slip process has attracted a lot of attention since it can be seen as an elementary mechanism of friction. The tip is locked to one atomic position at the surface until the increasing lateral force is strong enough to initiate a sudden jump to the next position. In a recent paper, we have demonstrated how the occurrence of the stick-slip behavior is one-to-one related to energy loss in the sliding process. 2 When reducing the normal load on the contact, the tip starts to slide continuously over the surface potential and friction is reduced essentially to zero. Only at increased normal load the stick-slip instabilities arise and cause energy dissipation. An alternative pathway to avoid stick-slip has been realized by Dienwiebel et al. , who found zero friction when they rotated the contact such that the atomic structures of surface and sliding tip became incommensurable. 3 Other recent results include the understanding of the role of thermal activation for the velocity dependence of atomic friction. [4] [5] [6] [7] The release of the slip instability due to thermal fluctuations reduces friction at elevated temperatures, and at slow sliding velocities.
All these results indicate the key role of the slip instability for the dissipation of mechanical energy into heat. In this paper we describe experiments and simulations which address in detail the dynamics of the atomic-scale slip and role of thermal fluctuations of the force sensor for the process. The relatively simple structure of the cantilever-beam type force sensor serves as a model system for the interplay between microscopic contact and macroscopic body which is part of the general problem of understanding friction. After introducing our experimental methods we present results for the fluctuations of the force signals and the dynamic of the stick-slip process. We then describe results of a simulation for a one-dimensional model of the process and finally compare and discuss the results.
II. EXPERIMENTAL SETUP
The friction force acting on a nanometer-sized tip was measured by means of a home-built atomic force microscope in ultrahigh vacuum ͑UHV͒ at room temperature. The cantilever deflection was detected using the beam-deflection scheme and position-sensitive photodiode. A fast preamplifier was integrated into ultrahigh vacuum in order to keep low-voltage signal lines from the photodiode very short. This effort provides a high bandwidth of 3 MHz for force measurements, which is sufficient to detect the torsional resonance frequency of the cantilever. We recorded the forces while scanning the tip over the surface employing a commercial scan controller ͑SCALA, OMICRON nanotechnology͒. Selected time series of the lateral force were simultaneously recorded with a sampling rate of up to 20 MHz using a digital oscilloscope card ͑National Instruments͒.
Silicon cantilevers bearing sharp tips with a spring constant k N = 0.09 N / m for normal bending and k T =62 N/m for torsion were used for atomic friction experiments. These spring constants were calculated for the clamped beam geometry using optical microscopy data for the length and the width of the beam and the frequency of the first normal bending mode to determine its thickness. The sensitivity of the photodiode was determined by recording force-distance curves on a hard surface. All normal forces are given with respect to the unbent cantilever, negative normal forces refer to a up bending of the cantilever that partially compensates adhesion forces. The experiments were performed on a KBr͑100͒ single crystal, which was cleaved in air, transferred immediately to UHV, and annealed at 120°C for 30 min in order to remove contaminants.
For load dependence studies we also used an alternative set of silicon cantilevers bearing a spherical tip ͑Nanosen-sors͒. The radius of curvature of the sphere was determined by scanning electron microscopy to be 0.9 m. The spring constant of the cantilevers with spherical tip were k N = 0.11 N / m for normal bending and k T = 82 N / m for torsion. Load dependence experiments with this tip were performed on a Al 2 O 3 ͑0001͒ single crystal which guaranteed negligible deformation of the sample. The Al 2 O 3 ͑0001͒ sample was heated in air at 1400°C for four hours and in an UHV at 120°C for 30 min, producing clean atomically flat terraces with a typical width of 60 nm.
III. FLUCTUATION MEASUREMENTS

A. Frequency spectrum of fluctuations
In order to characterize the dynamic properties of the cantilever force sensor, we have measured fluctuations in the lateral force signal. In Fig. 1͑a͒ , the power spectral density of the signal is compared for the free cantilever and for the cantilever with the sharp tip resting in contact with the KBr surface. The sharpness of the peak at 168.6 kHz reflects the high quality factor of Q free ϳ 350 000 for this oscillation mode. When the tip is in contact, the resonance frequency shifts to 172.5 kHz, and its width increases significantly. Assuming a harmonic oscillator model to be adequate, the width corresponds to a Q-factor of Q contact ϳ 700. An additional ring-down measurement for an externally excited oscillation 8 confirms a quality factor of about 600. This frequency spectrum of the lateral force signal does not change significantly when the tip is scanned over the KBr͑100͒ surface. The only additional features are a peak at a low frequency given by the periodicity of the stick-slip events, and the higher harmonics of this frequency reflecting the sawtooth shape of the stick-slip signal.
B. Load dependence of the resonance
The occurrence of stick-slip instabilities and accordingly of energy dissipation in atomic friction experiments depends critically on the normal load on the contact. 2 However, once the contact was established we found no monotonous dependence of the position or width of the torsional resonance peak in Fig. 1͑a͒ depending on loads up to 15 nN applied to the tip. The position of the resonance peak varies as much as 700 Hz even for subsequent measurements at the same load. Any distinct relation between resonance and load is hidden by this fluctuation. This result is in some contrast to findings by Drobek et al. 9 who reported that for a v-shaped cantilever in air the resonance frequency of the first torsional mode increases with higher loading forces and related the increase of frequency to an increase of the contact stiffness. In order to elucidate whether the vacuum environment or the different tip sample interaction cause the differences between our and Drobek's findings we have recorded the thermal fluctuation spectra for spherical tips with micron-scale apex radius. Upon contact to the flat Al 2 O 3 ͑0001͒ surface, frequency and quality factor change in the same sense as when the sharp tip on the KBr͑100͒ comes in contact with surface. Upon increasing the normal load, the frequency shift increases as seen in Fig. 1͑b͒ . With increasing load, the width of the resonance curves decreases and its peak height increases. Using a harmonic oscillator analysis this would imply that the quality factor in contact increases with increasing load. The total area below the peaks is reduced by the increasing load. Therefore, the description of the curves as thermal fluctuations in a point-mass model is not sufficient. Figure 2͑a͒ shows a typical friction loop, where the lateral force for a single scan line in forward and backward direction is measured. All stick-slip friction loops were recorded on a KBr͑100͒ surface along the ͑001͒ direction when the tip was moving through the center of the apparent unit cells, i.e., along lines of maximal modulation of the lateral force. The sawtooth-shape signal consists of sticking phases where the FIG. 1. ͑Color online͒ ͑a͒ Power spectral density ͑PSD͒ of thermal fluctuations in the lateral force signal showing peaks corresponding to the first torsional resonance for the free cantilever ͑narrow peak͒ and for the cantilever with a sharp tip in contact with an applied normal force of −0.1 nN ͑wider peak͒. The inset shows the frequency shift between free cantilever and cantilever in contact for different applied loads. Note that no significant load dependence is found. ͑b͒ Power spectral density of the lateral force signal from a cantilever bearing a micrometer-scale spherical tip in contact with an Al 2 O 3 surface for different loads. The center frequency increases monotonously with higher loads, while the width of the peaks decreases as indicated in the inset. Note that the total area of the peaks is not constant. The torsional resonance frequency of the free cantilever was 195.0 kHz. lateral force is built up in an almost linear slope, and slip events where the tip jumps from one atomic position to the next. The slope of the sticking part, k exp , reflects the effective lateral stiffness of the force sensor and the contact. Here, we find k exp = 2.23± 0.05 N / m. The data for this figure was acquired with a commercial data acquisition setup ͑SCALA, OMICRON Nanotechnology͒. The sampling rate of data points recorded ͑1250 Hz at scan velocity of 15 nm/ s͒ is not high enough either to detect thermal fluctuations in the force signal or to measure the duration of each slip. Therefore, we simultaneously acquired the lateral force signal with a sampling frequency of 3.3 MHz, the bandwidth of our force detection. The actual stick-slip structure can be made out in a wideband of noise, composed of both thermal fluctuations of the cantilever and electronic noise. In order to analyze the slip duration we have averaged the force data over 50 points so that the stick-slip characteristics can be clearly recognized, reducing the bandwidth of the results to 66 kHz or to a time resolution of 15 s. A typical scan line in forward direction is shown in Fig. 2͑b͒ . A tilted step function is fit to the averaged data in order to determine the slip duration. Figure 3 shows four averaged curves. The same instrumental parameters were used for the measurements: normal load F N = −0.1 nN and scan velocity v = 25 nm/ s. We extract a slip duration of t Ϸ 8.2 ms in Fig. 3͑a͒ and t Ͻ 15 s in Fig.  3͑b͒ . The duration of the second slip is below the limit of time resolution and could actually even be shorter than 15 s. As a first conclusion we find that the slip process in atomic friction can happen on very different time scales for similar experimental conditions.
IV. DETERMINATION OF SLIP DURATION
Figures 3͑c͒ and 3͑d͒ give examples of slip events which suggest possible mechanisms for the prolonged slip duration. In Fig. 3͑c͒ the tip jumps forth and back between two atomic positions before finally settling at the new position. In Fig.  3͑d͒ the tip jumps into an intermediate position before the jump over a full lattice constant is finished.
An overview of the distribution of slip durations for several tips which range from some microseconds up to several milliseconds is given in Fig. 4 . We have included corresponding lateral force maps in order to reveal possible correlations between the appearance of such maps and the duration of slip events. Lateral force maps corresponding to fast slips appear as a pattern of flat tilted diamonds with the size of one unit cell of the KBr͑100͒ surface. In contrast, maps associated with slower slips show features on a scale smaller than the unit cell. Such features could arise from an irregular structure of the tip. Several atoms of the tip may be in contact with different unit cells of the surface, having a distance between the contact points that is not in registry with the KBr͑100͒ surface structure.
V. SIMULATION OF THE STICK-SLIP PROCESS
A model comprised of a single spring pulling a mass along a sinusoidal potential surface which included thermal activation has described atomic friction phenomena like temperature and velocity dependence, and the distribution of jump forces. 5 The results are in agreement with experiments studying the velocity dependence, 4 the temperature dependence, 10 and the jump force distribution. 11 However, the experimental situation is not well represented, since a one-spring model cannot reproduce both the resonance frequency of the cantilever, and the experimentally found lateral stiffness which is dominated by the contact. Therefore we extend the simulations to a two-spring model, where one spring represents the cantilever and the other spring the microscopic contact. The two springs are connected in series to a support moving at constant velocity. A tip attached to the contact spring is dragged over a periodic potential surface ͓see Fig. 5͑b͔͒ . Including the random effect of thermal fluctuations we have simulated the resulting Langevin equation using Ermak's algorithm 12 along the lines pointed out in Ref.
5.
The parameters describing the cantilever spring in the two-spring model are taken from the experimental data. An effective cantilever mass m cl = k T / ͑2f T free ͒ 2 = 5.5ϫ 10 −11 kg can be calculated using the frequency of the free cantilever f T free = 168.6 kHz and the spring constant k T =62 N/m. The occurrence of the stick-slip instability in the tip movement depends on the relation between the potential cor-FIG. 2. ͑Color online͒ ͑a͒ Friction force loop recorded as part of a typical scan frame on a KBr͑100͒ crystal along the ͑001͒ direction. The time resolution is typical for commercially available data acquisition setups. The cantilever in this experiment is the same as the one used to produce the data for Fig. 1͑a͒ . ͑b͒ High temporal resolution scan line simultaneously acquired with the forward scan data ͓square symbol in ͑a͔͒ at a sampling frequency of 3.3 MHz, subsequently averaged over 50 points in order to clearly reveal the shape of the stick-slip pattern.
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rugation E 0 and the elastic energy in the springs. It can be described by the parameter
Stick-slip behavior is found for Ͼ 1. 2 We choose k s = 3.7 N / m and a value of = 2 in order to obtain a value for the potential corrugation E 0 for which the simulation produces a stick-slip pattern similar to the experimental results. Equation ͑1͒ allows us to determine k tip = 3.5 N / m. The lattice constant of KBr͑100͒ a = 0.66 nm determines the spatial period of the potential. The mass of the tip is assumed to be m tip = 1.0ϫ 10 −12 kg. Since we have no experimental estimate for the effective mass of the tip which corresponds to the tip stiffness, we have varied m tip by a factor of ten for the simulations, and found no influence on the key results described below. The damping of the tip movement is calculated in units of the critical damping ␥ c =2 ͱ k tip / m tip . Reimann and Evstigneev have suggested to model tip damping based on the tip velocity relative to the surface but also relative to the support. 6, 7 For the low sliding velocities simulated here such distinction is not necessary. The simulations were performed at room temperature and for a scan velocity of 25 nm/ s. The time step used for solving the Langevin equa- tion was 1 ns, data points were sampled from the simulation at a rate of 3 MHz equal to the experiment.
Simulations using the two-spring model and the parameters described above have provided the expected stick-slip results, plotted in Fig. 6͑a͒ . However, the slip duration was always shorter than 15 s, independent of the damping of the contact spring which was varied from critical to strong damping.
Experimental friction maps often show features within a unit cell which let us conclude that the contact between the tip and the surface consists of several smaller contacts. Therefore, we expanded the two-spring model to the case of multiple tips in contact with the potential surface, where the distance between tips was either commensurate or incommensurate with the periodicity of the potential. Figure 5͑c͒ gives a scheme of the multiple-tip model. The parameters for each N-tip simulation were the same as described above, with each of the contact springs having a tip stiffness of k tip / N and a mass of m tip / N. We also divided the potential corrugation E 0 by the number of tips N. This scaling is chosen in order to always reproduce the experimentally observed slope and amplitude of the stick-slip force curves, however, for a different number of tips involved.
For the multiple-tip model, the dynamics of each tip i is described by the Langevin equation
where the combined surface-tip potential has the form
x tip,i,0 is the equilibrium position where the springs k tip have no deviations. ͑t͒ is a random noise satisfying the fluctuation-dissipation relation ͗͑t͒͑tЈ͒͘ =2m tip ␥ tip k B T␦͑t − tЈ͒, where the angular brackets denote an average, and k B is Boltzmann's constant. As the mass of the cantilever is many orders of magnitude larger than the tip's, the thermal effects on the cantilever can be neglected. Therefore, the cantilever's motion is described by Newton's equation Figure 6 shows simulation results for the stick-slip process with a multiple-tip model for critical damping of the contact springs. We compare the cases of one, three, and five tips, where the multiple tips are in positions commensurate with the potential surface. The number of tips is crucial for the duration of the slip: The slips become slower for an increasing number of tips. As mentioned above, a single tip always slips faster than 15 s. but others still stick. The duration of the slip does not depend significantly on the damping of the contact springs; no difference was noticed for critical damping and the ten times overdamped system. Details of slip events are plotted in Figs. 6͑d͒-6͑f͒. For the one-tip model, the slip happens faster than the data capture rate of 3 MHz. It is interesting to note that the thermal fluctuations clearly follow the frequency of the cantilever resonance. However, no excitation of oscillations with subsequent ring-down can be observed after jumps. The simulation for three tips reveals jumps forth and back between the previous and the final position and into intermediate states, indicating the mechanisms responsible for the wide variation of slip durations. For five tips, multiple events of tip jumps smoothen the transition from one atomic position to the next and cause the prolonged slip duration.
͑4͒
We have also studied the case of multiple tips in incommensurate contact with the potential surface, not shown here. For a small number of tips with a distance of 1.1ϫ a the periodicity of the potential can be recognized in the lateral force. However, for as few as five tips the asymmetric stickslip instabilities are almost completely changed into a symmetric force modulation. For a fully incommensurate configuration with a tip distance ͱ 2 ϫ a no structure of the potential is reproduced in the lateral force.
VI. DISCUSSION
We start the discussion with an analysis of changes in the resonance structure of the cantilever's thermal fluctuations upon contact of the tip with the surface. First of all, the frequency of the torsional resonance of the cantilever increases upon contact formation. The increase can be explained by the additional stiffness caused by the fixation of the tip apex. It has been observed in ambient environment and described in a finite element analysis by Drobek et al. who used such frequency shift to determine the shear stiffness of the contact. 9 For rectangular cantilevers, a point-mass harmonic oscillator model can describe the frequency shift reasonably well. The resonance frequency of the torsion mode of the cantilever can be modeled as
where k T is the spring constant for torsional bending and m cl is an effective mass of the cantilever. Bringing the tip in contact, the contact stiffness k con can be added to the spring constant and
The contact stiffness, a combination of the tips stiffness and the curvature of the surface potential, can be calculated from the slope of the force curve k exp in Fig. 2͑a͒ assuming that the cantilever and the contact act as springs in series
Combining Eqs. ͑6͒ and ͑7͒, the point-mass spring model predicts FIG. 6 . Simulation of the stick-slip process with a critically damped two spring model. The contact consists of ͑a͒ one, ͑b͒ three, and ͑c͒ five commensurate tips. Data were sampled from the simulation at a rate of 3 MHz and subsequently averaged over 50 points. ͑d͒ Detail of the simulation with one tip, no averaging. ͑e͒ and ͑f͒ Details of the simulation for three and five tips, respectively, averaged over 30 points.
.
͑8͒
With k exp = 2.23± 0.05 N / m from Fig. 2 we expect f T con = 171.75± 0.08 kHz, a little less than the actual value of 172.5 kHz found in Fig. 1 . The discrepancy can easily be caused by the error in the determination of k T , which depends critically on the precise measurement of the actual height of the tip. Another explanation for the discrepancy could be a change of the effective mass m cl if the shape of the cantilever deflection is modified by the contact formation. However, considering the small relation between contact stiffness k con , cantilever stiffness k T , and the small thermal oscillation amplitude of about one tenth of an atomic diameter at the tip apex, a significant change of the deflection mode can be excluded. A further frequency shift with increasing load on the contact is found for micrometer-sized spherical tips. For the sharp tips used in atomic friction experiments, no clear tendency of the frequency shift is observed, but a smaller fluctuation of the peak position even for measurements at the same load. Following the point-mass model or the model of Drobek et al. and taking the frequency shift as a measure for the contact stiffness, 9 we find that the contact stiffness for very sharp tips is not load dependent but shows smaller variations as a function of time. This is in agreement with prior analysis of the load dependence of the contact stiffness from atomic friction data. 2 In a continuum mechanics approach we expect the lateral stiffness to increase with load proportional to the contact area. The breakdown of continuum models at the nanometer scale for the contact stiffness has recently been discussed by Luan and Robbins, who found that their applicability depends on the atomic structure of the tip apex. Tips that maintain a spherical shape even on nanometer scale are well described by continuum models, while tips with a stepped atomic structure exhibit discontinuities in the contact area with increasing load. 13 We find apex clusters with a stepped structured a more probable tip model and conclude from our results that for very sharp tips and low loads the contact size and the contact stiffness do not vary as a function of load. The unsystematic changes of the contact stiffness are related to changes of the contact geometry, due to uncontrolled processes such as diffusion or drift. For larger spherical tips and higher loads, our data in Fig. 1͑b͒ confirm the established relations between load, contact size, contact stiffness, and shift in the torsional resonance frequency. We have determined an increasing lateral contact stiffness from the slope in friction loops reaching k exp = 32 N / m for the highest load of F N = 51 nN, i.e., the lateral contact stiffness k s becomes equal to the cantilever stiffness k T .
Upon contact formation, we do not only observe a shift of the resonance frequency but also a drastic increase of the width of the resonance peak, corresponding to a drop in the quality factor by nearly three orders of magnitude. This observation is only possible in vacuum, as in earlier studies in ambient environment the quality factor is dominated by air damping. Let us consider possible sources of the additional dissipation. The quality factor of the free cantilever is given by the internal friction in the beam. As discussed above, a significant change of the shape of the cantilever deflection upon contact formation can be excluded. Consequently, the observed strong damping cannot be caused by additional internal friction in the cantilever. Rather, dissipation in the tipsample contact causes the decrease in the quality factor of the cantilever. In order to analyze how damping of the tip deflection will influence the cantilever motion we calculate the quality factor of the cantilever oscillation for the twospring model depicted in Fig. 5͑b͒ . The tip motion is described by Newton's equation
where x tip and x cl are the respective deflections of tip and cantilever, ␥ tip is a damping coefficient for the tip movement, and the other parameters are the same as in Sec. V. We neglect the internal friction of the cantilever since we know that dissipation due to the tip motion dominates. Assuming for this derivation that the cantilever oscillates with x cl = A cl sin͑ cl t͒, with cl = ͱ k T / m cl , the equation of motion ͓Eq.
͑9͔͒ becomes
The time-averaged power loss in this driven, weakly damped oscillation of the tip is given as
This dissipation in the tip movement will damp the cantilever oscillation. The quality factor Q con of the cantilever is defined as the relation between the total energy of its oscillation and the power loss per oscillation cycle
͑12͒
Combining Eqs. ͑11͒ and ͑12͒ and introducing the critical damping ␥ c =2 tip for the tip movement we obtain
͑13͒
For the parameters used in the simulations, tip = ͱ k tip / m tip and ␥ tip = ␥ c , one obtains Q con ϳ 30, in the same order as the result for a resonance analysis of the simulated lateral force data. For m tip Ӷ m cl we have tip ӷ cl and the expression simplifies into
As one would expect, the quality factor Q con of the cantilever is lowered by the effective mass m tip of the tip, the coupling k tip between cantilever and tip, and by the damping ␥ tip of the tip movement. In order to reach a quality factor of the order of 600 as found in the experiment, one would have to assume a hundred times smaller tip mass or a strong underdamped tip movement. No signatures of the latter has been observed in experiments. On the other hand, an effective tip mass of only m tip =10 −14 kg would make sense as it corresponds to a volume of 1 m. 3 Reimann and Evstigneev have come to a similar conclusion in their analysis of friction force microscopy focusing onto the tip deflection. 7 The authors have also employed a two-spring model where the main physical effects of atomic friction and dissipation are attached to the contact spring, while the cantilever spring serves as a detection tool.
With a quality factor of 600 for the cantilever torsion one may expect to observe a ringdown of the oscillation after fast slip events. The excitation of such oscillations by each slip event has been reported for an uncalibrated atomic friction experiment on graphite.
14 The cited experiment is difficult to compare to our results since the magnitude of forces is unknown and the experimental method included bandpass filtering around the expected torsional resonance. In both our experimental and simulation results we do not observe any excitation of cantilever oscillations by the slip events. The magnitude of the force relaxation in the slip is of the same order or smaller than the thermal fluctuations of the force signal. Therefore, excitations of oscillations with subsequent ring-down cannot be observed since thermal oscillations dominate.
The increase of the quality factor with increasing load observed for the micrometer-sized contact and higher loads cannot be explained in a simple two-spring model. The lateral contact stiffness becomes comparable to the torsional stiffness of the cantilever. Consequently, the contact can act as a hinge and change the shape of the cantilever deflection, as can be inferred from the changing area under the resonance curves in Fig. 1͑b͒ . More complex models including the finite volume of the beam and internal friction following stress distributions will be necessary to predict the quality factor in these cases.
As a result of the analysis of the fluctuation spectra we can summarize that there must be a strong damping of the tip movement mediated by the tip-sample contact. The observed reduction of the quality factor of the cantilever movement due to the tip damping can be coherently described using a two-spring model, as long as the contact stiffness is small compared to the stiffness of the cantilever.
We will now discuss the wide variation of slip durations in the atomic stick-slip experiments. The shortest possible duration of a slip is given by the time the cantilever needs to swing back from the deflected to the relaxed position, i.e., 1/͑4f T ͒. With f T con Ϸ 172 kHz this reaction time is 1.5 s. While we observe that many slips happen indeed on a time scale faster than our time resolution of 15 s, other slips may take up to several milliseconds. These long slip are very surprising as we would not expect any relaxation process on atomic scale to be that slow.
A possible explanation for slow slip events can be found in the framework of the Tomlinson model. The effective potential governing the tip movement consists of a sinusoidal surface potential and a parabolic spring potential which are continuously shifted relative to each other. The tip is stuck in a potential minimum until the ramped spring potential flattens the potential barrier to the next atomic position. The decrease of the resonance frequency of the system when approaching the slip instability is described in Refs. 5 and 15. When the resonance frequency decreases in the flattened potential a slower reaction of the cantilever might be expected. On the other hand, thermal fluctuations activate the slip before the potential barrier has completely vanished, resulting again in a fast slip. The simulation results in Figs. 6͑a͒ and 6͑d͒ demonstrate that no retardation of the slip takes place in the single-contact model. All slip durations are clearly faster than the resolution of 15 s. As a conclusion, we can rule out any explanation for long slip durations within the simple one-dimensional Tomlinson model including thermal activation at room temperature.
Our results suggest that multiple tips in contact play an important role for the understanding of slow slip events. We measure fast slips in the order of several microseconds, if the lateral force maps look similar to the two-dimensional modeling for an ideal single tip reported by Lüthi et al. 16 Slow slips are encountered when the lateral force maps exhibit features within a lattice unit cell or deviate significantly from the expected diamond pattern, see Fig. 4 . Such irregularities can be explained only by multiple tips which are in contact with different unit cells of the KBr surface. The simulations support the idea that multiple tips can give a clear stick-slip motion, however with a significantly longer slip duration than the reaction time of the force sensor. Our three-tip model with thermal activation also reproduces the wide distribution of slip durations found in the experiments. Furthermore, the simulations indicate mechanisms for the retardation of the slips. Figure 6͑e͒ shows that multiple tips do not jump coherently but that single tips can jump ahead and actually may go back to their previous atomic position before the increasing lateral force enforces a jump of all tips. A similar mechanisms of molecular rebinding has been predicted through simulations of the rupture of adhesion bonds in dynamic force spectroscopy by Dudko et al. 17 In recent theoretical study, Krylov et al. have pointed out that the thermally activated jumps between atomic positions can create a situation of ultralow friction, provided that the scan velocity is small enough. 18 The jump mechanism is clearly observed in our experiments. Figures 3͑c͒ and 3͑d͒ exhibits signatures of jumps between positions and intermediate states, respectively. The latter may also be an effect of two-dimensional stick-slip where the slipping tip takes a zigzag path including a neighboring unit cell. 19, 20 However, a zigzag movement should produce its characteristic slip pattern for all slip in a given scan line. Since we observe a wide distribution of slip times and shapes in a single scan line, we believe that thermally activated jumps of a multiple tip are the appropriate picture for our experiments.
VII. CONCLUSION
Atomic friction phenomena have been studied in detail by means of a home-built force microscope allowing for highbandwidth detection of the lateral force signal. Thermal fluc-tuations of the cantilever which have a strong impact on the atomic stick-slip process are strongly damped through the tip-sample contact. By modeling the experiment by two springs, one representing the cantilever force sensor and one the compliant tip-sample contact, a consistent description of the lateral contact stiffness in static and dynamic lateral force measurements has been achieved. Recording the atomic stick-slip movement of the force microscope tip with high bandwidth reveals a wide variation of slip durations up to several milliseconds, by far longer than expected for a relaxation process on atomic scale. These long slip events are believed to be the consequence of a multiple contact between tip and surface. This conclusion is drawn from a correlation between irregular features in lateral force maps and long slip durations, and from a comparison of our experimental results with a multi-tip simulation based on a Tomlinson model including thermal activation.
